Thyroid hormone (T3) exerts profound control over many functions in development and homeostasis. It is therefore an intriguing challenge to elucidate the T3 receptor (TR) pathways that mediate the diverse responses to this hormone. TRs are ligand-dependent transcription factors (Sap et al. 1986; Weinberger et al. 1986 ) that belong to the family of nuclear hormone receptors (Mangelsdorf et al. 1995) . The presence across vertebrate species of two distinct genes that encode the related receptors TR␣1 and TR␤ indicates that both TR genes are fundamental components of the T3-signaling pathway. TR␣1 and TR␤ are expressed in distinct but often overlapping patterns, suggesting that they may mediate both individual and common functions (Lazar 1993; Forrest 1994) .
TR␣1 and TR␤ possess related T3 binding and DNAbinding domains but have divergent amino termini that influence their DNA-binding and transactivation properties. In mammals, the TR␣ gene encodes a T3 receptor, TR␣1, and a splice variant, TR␣2, that does not bind T3 and differs from TR␣1 in its ability to bind DNA and to heterodimerize with retinoid X receptors (RXRs; Reginato et al. 1996) . The role of TR␣2 is unclear, although it fails to transactivate and may interfere with transactivation by T3 receptors in transfection assays (Izumo and Mahdavi 1988; Koenig et al. 1989; Katz et al. 1995) . The TR␤ gene encodes two amino-terminal variants, TR␤1 and TR␤2, both of which bind T3 and transactivate Ng et al. 1995; Sjö berg and Vennströ m 1995) . In vitro, TR␣1 and TR␤ can transactivate through the same T3 response elements, albeit with subtle differences (Sjö berg and Vennströ m 1995; Zhu et al. 1997) , suggesting that they have the potential to regulate common functions. In vitro, in the absence of T3, TRs may still bind to T3 response elements to repress basal transcription (Damm et al. 1989; Brent et al. 1991; Fondell et al. 1993) , suggesting that TRs possess a dual capacity to regulate transcription by both T3-dependent and -independent means.
The derivation of TR-deficient mice has indicated specific in vivo roles for TR␣1 and TR␤. TR␤ −/− mice, lacking both TR␤1 and TR␤2, overproduce thyroid hormones and thyrotropin (TSH), the pituitary hormone that stimulates thyroid activity (Forrest et al. 1996a ). Normally, TSH is suppressed by elevated thyroid hormone levels, such that the TR␤ −/− phenotype indicates a key role for TR␤ in this feedback control of the pituitarythyroid axis. Also, TR␤ is essential for auditory function (Forrest et al. 1996b; Rü sch et al. 1998) . TR␤ −/− mice are a model for human resistance to thyroid hormone that is associated with TR␤ mutations (Refetoff et al. 1993) . TR␣1 −/− mice (which retain the non-T3 binding TR␣2 variant), but not TR␤ −/− mice, have a reduced heart rate and low body temperature Wikströ m et al. 1998) . A distinct TR␣ mutation, deleting both TR␣1 and TR␣2, results in runted mice with gut malformation, small thyroid glands, and hypothyroidism, which die after weaning (Fraichard et al. 1997) . This mutation causes a more severe phenotype than loss of TR␣1 (Wikströ m et al. 1998 ), but for reasons that remain to be determined.
In view of the many functions of T3, the phenotypes of the single T3 receptor-deficient mice are remarkably limited. For example, congenital hypothyroidism retards growth severely in rodents and humans (Ohlsson et al. 1993; Snyder 1996) , whereas there is no overt growth deficiency in TR␣1 −/− or TR␤ −/− mice (Forrest et al. 1996a; Wikströ m et al. 1998 ). This raises a fundamental question concerning the receptor pathways that account for the remaining actions of T3. Although cDNA cloning studies have identified only TR␣1 and TR␤, other unknown, distantly related receptors could conceivably play a role. Alternatively, TR␣1 and TR␤ may mediate common functions that compensate, to an extent, for each other's absence. To discriminate between these possibilities, we derived mice lacking both TR␣1 and TR␤, with the objective of removing all T3 receptors from such putative common pathways. The results indicate that TR␣1 and TR␤ act through common pathways to account for an extended range of T3 functions, including female fertility, control of the pituitary-thyroid axis, and bone development. However, compared to hypothyroid mice, the surprisingly milder phenotype and vitality of TR␣1 −/− ␤ −/− mice suggests a distinction between thyroid hormone versus TR deficiency. This may point to a physiological significance for T3-independent TR functions that have been described previously in vitro.
Results

Derivation of mice deficient for all known T3 receptors
TR␣1
−/− and TR␤ −/− (Forrest et al. 1996a; Wikströ m et al. 1998 ) mouse strains were crossed to yield progeny heterozygous for both mutations, which were then intercrossed to generate litters that included wild-type and doubly homozygous mutant (TR␣1 , and TR␣1 −/− ␤ −/− mice. Depending on the tissue source, two general patterns were detected. In wild-type liver extracts, three TR-containing bands that specifically bound the F 2 T3 response element were detected (Fig. 1A) . TR␣1 −/− extracts lacked the lower one and TR␤ −/− extracts lacked the upper two of these bands, whereas TR␣1 −/− ␤ −/− extracts lacked all three bands. These bands represented TR/RXR heterodimers, as antibodies against TR or RXR proteins abrogated or supershifted all three bands. A different pattern was detected in most other tissues, where in addition to TR-specific bands, other non-TR-containing bands were detected, indicating that these tissues expressed other factors that bound the T3 response element. In these tissues (e.g., lung, Fig. 1B ), TR␣1 −/− ␤ −/− extracts again lacked all specific TR-containing bands that were present in corresponding wild-type extracts. Similar results were obtained for kidney, spleen, heart, and brain (not shown). These results were confirmed using an independent (direct repeat 4) T3 response element (not shown). Thus, neither TR␣1, TR␤, nor other previously unidentified TR proteins could be detected in a range of tissues from TR␣1 −/− ␤ −/− mice. Ligand binding experiments were performed with nuclear extracts from tissues of TR␣1 −/− ␤ −/− mice to determine the extent to which T3 binding was abrogated in the absence of both TR␣1 and TR␤. Nuclear extracts from brain and liver of TR␣1 −/− ␤ −/− mice failed to bind 125 I-labeled T3 above background levels ( Fig. 1C) , whereas extracts from wild-type brain and liver specifically bound 0.8 and 0.3 fmoles of T3/µg of nuclear extract, respectively. This suggested the absence of T3 binding activity in TR␣1 −/− ␤ −/− mice. However, it was conceivable that their high serum levels of thyroid hormones (see below) could have saturated any remaining receptors. Therefore, TR␣1 −/− ␤ −/− and wild-type groups were made hypothyroid by treatment for 6 weeks with methimazole (MMI) and potassium perchlorate (Solé et al. 1996) while on a low iodine diet, resulting in free T3 levels of <1 pM (normal wild-type male range, 6-9 pM; see Fig. 2, below) . Nuclear extracts were then tested for T3 binding. Again, in contrast to wild-type extracts, no nuclear T3 binding activity was detectable in liver or brain from TR␣1 −/− ␤ −/− mice. In a saturation binding experiment with liver nuclear extracts from the hypothyroid groups, there was no evidence of high affinity, low capacity binding activity in TR␣1 −/− ␤ −/− mice compared to the wild-type control extract (Fig. 1D) . Thus, nuclear extracts from TR␣1 −/− ␤ −/− mouse tissues contained no detectable T3 binding capacity nor TR proteins. There have been reports of transient, minor nonnuclear responses to thyroid hormone (Davis and Davis 1996) that would presumably remain intact in TR␣1 −/− fied TRs, for example, that may be present in certain cell populations, the data demonstrate that tissues that are major targets for T3 action in TR␣1 −/− ␤ −/− mice were devoid of nuclear T3 receptors.
Fertility and survival
TR␣1
−/− ␤ −/− males were fertile but TR␣1 −/− ␤ −/− females rarely became pregnant and were deficient in nurturing any pups born. Reduced fertility was not observed in TR␣1 −/− or TR␤ −/− mice (Forrest et al. 1996a; Wikströ m et al. 1998) , indicating that female reproductive processes depend on common pathways regulated by both TR␣1 and TR␤. This female-biased deficiency is consistent with observations that hypothyroidism impairs reproductive function to a greater extent in females than in males (Longcope 1996) . In view of this deficiency, mice for other analyses were generated by crossing TR␣1 ␤ −/− pups evenly divided between both sexes. The 10% reduction below the predicted 50% Mendelian frequency was significant (P < 0.01), indicating a reduced rate of survival either during prenatal or early postnatal stages of development. Both male and female TR␣1 −/− ␤ −/− mice were typically viable for at least 12 months, although they had an increased mortality rate with 30% (13/43) dying before 9 months of age, contrasting with the zero mortality rate of wild-type animals (0/90) over the same period.
These results suggest that in a minority of the TR␣1 −/− ␤ −/− population, functions required for normal survival are compromised. Other than the defects described below in the pituitary-thyroid axis and in bone, no gross pathological changes were observed in TR␣1 −/− ␤ −/− mice that would explain this mortality. This suggested the involvement of a subtle defect of partial penetrance. Alternatively, several different defects may be implicated, as the mortality was sporadic throughout the life span of TR␣1 −/− ␤ −/− mice. Increased mortality was not evident in TR␣1 −/− or TR␤ −/− mice (Forrest et al. 1996a; Wikströ m et al. 1998) , indicating that these survival functions depend on pathways common to both TR␣1 and TR␤.
Dysfunction of the pituitary-thyroid axis
Thyroid hormone production is strictly regulated by a feedback mechanism whereby pituitary thyroid-stimulating hormone (TSH) is suppressed by elevated thyroid hormone levels. To assess the combined function of TR␣1 and TR␤ in this regulation of the pituitary-thyroid axis, serum levels of thyroid hormones were determined in TR␣1 Fig. 2A) . Free T3 (FT3) levels were 20-to 60-fold higher in TR␣1 −/− ␤ −/− mice compared to −/− ␤ −/− and wild-type samples is shown after subtraction of the binding that was not competed by a 1000-fold excess of cold T3 (Torresani and DeGroot 1975) . (D) Absence of a saturable, specific T3 binding capacity in nuclear extracts from TR␣1 −/− ␤ −/− mice. Nuclear extracts were prepared from mice that had been made hypothyroid to exclude the possibility that residual T3 binding sites were present but were masked by prior saturation by the excessive T3 levels in TR␣1 −/− ␤ −/− mice (see Fig. 2A ).
wild-type mice. Free T4 (FT4) levels were similarly elevated, whereas total T3 and T4 levels were ∼30-and 11-fold elevated, respectively, over wild-type values. Similar results were recorded in both male and female mice.
The excessive thyroid hormone levels in
mice were accompanied by pronounced enlargement of the thyroid gland ( Fig. 2A) , which weighed 15-fold more than in wild-type mice (mean wet weights ± S.E.M.: 97.0 ± 18.1 mg and 6.4 ± 0.3 mg, respectively; n = 6/ group). Histological analysis of adults at 2 months of age revealed extensive hyperproliferation of the follicular epithelial cells (Fig. 2C ). The colloid in the residual follicles was vacuolated and in a degenerative state. At later ages studied (8 and 12 months) the gland structure had further deteriorated with disorganized and often vacuolated epithelial cell layers. Abnormalities were present in TR␣1 −/− ␤ −/− mice from birth when the thyroid gland, although not increased in size, already contained enlarged follicles. By 5 weeks of age the gland was enlarged and contained numerous large follicles with degenerating cellular material in the colloid (Fig. 2B) . Thus, hyperproliferation of the thyroid gland from early stages led rapidly to goiter in the young adult. With age, the hyperplasia worsened and was accompanied by pronounced vascularization.
Despite the elevated T4 and T3 levels, serum TSH was not suppressed but was, in contrast, highly elevated. Figure 3A shows ∼60-fold elevated levels in representative male TR␣1 −/− ␤ −/− mice at 5 months of age (mean ± S.E.M.: 6959 ± 882 vs. 114 ± 3.6 ng/ml in TR␣1 −/− ␤ −/− and wildtype mice, respectively; P < 0.001). Up to 160-fold elevated levels were recorded in younger mice between 4 and 8 weeks of age (e.g., 20,259 ± 1450 vs. 124 ± 2.7 ng/ ml in TR␣1 −/− ␤ −/− and wild-type mice, respectively, at 4 weeks of age; P < 0.001; Fig. 3D ). Thus, values declined slightly with age but still remained extremely high (>30-fold elevated) even in TR␣1 −/− ␤ −/− mice at ∼1 year of age. Northern blot analysis revealed that levels of mRNA for the TSH␣ and TSH␤ subunits were increased 3.3-and 26.0-fold, respectively, in pituitaries of TR␣1 −/− ␤ −/− adult male mice compared to wild-type mice. In contrast, TR␣1 −/− and TR␤ −/− mice exhibited comparatively marginal (Յ3-fold) alterations of TSH␣ and TSH␤ mRNA levels (Forrest et al. 1996a; Wikströ m et al. 1998) . Thus, in TR␣1 −/− ␤ −/− mice, the defect in TSH␤ mRNA and serum TSH levels is exacerbated, suggesting a highly interactive role for TR␣1 and TR␤ in the negative control of TSH production. The greater elevation of TSH␤ mRNA is consistent with TSH␤ being more sensitive than TSH␣ to T3 regulation (Shupnik et al. 1985) .
Pituitary gland morphology
The pituitary gland in TR␣1 −/− ␤ −/− mice, although overproducing TSH, was not grossly malformed or enlarged over a range of postnatal stages examined, even in mice at 1 year of age. Histological analysis revealed a somewhat disorganized cellular structure with some irregularly shaped and vacuolated cells. Immunostaining showed a 1.9-fold increase in numbers of cells positive for the TSH␣ subunit in TR␣1 −/− ␤ −/− versus wildtype mice (27.8 ± 1.8 vs. 14.8 ± 0.8, respectively; mean percent ± S.E.M. of positively staining cells/total cells; P < 0.001) (Fig. 3B) . Numbers of TSH␤ subunit-positive cells were 2.8-fold increased and showed a normal distribution in TR␣1 −/− ␤ −/− mice compared to wildtype mice (22.7 ± 1.9 vs. 8.2 ± 0.7, respectively; mean percent ± S.E.M. of positively staining cells/total cells; P < 0.001) (Fig. 3C) . Thus, the overproduction of TSH in TR␣1 −/− ␤ −/− mice correlated with a moderate increase in numbers of TSH-containing cells but was not due to a pituitary tumour or malformation. These results suggested that the thyrotropes, although not grossly abnormal, were in a constitutively hyperactive state.
Response to hypothyroidism
To investigate if the excessive thyroid hormone levels, acting through hypothetical residual T3 receptors, contributed to the phenotype of TR␣1 −/− ␤ −/− mice, groups of wild-type and TR␣1 −/− ␤ −/− male mice (n = 4/group) were made hypothyroid using low iodine diets and MMI/ perchlorate treatment for 4 weeks. This reduced levels of total T4 in both wild-type and TR␣1 −/− ␤ −/− mice from 9.5 and 48.2 µg/dl, respectively, to <0.8 µg/dl; total T3 levels were reduced from 100 (wild-type) and 3600 (TR␣1 −/− ␤ −/− ) to <16 ng/dl. Figure 3D shows that this resulted in 161-fold increased TSH levels in wildtype mice from 124 ± 5 to 20,064 ± 1665 ng/ml; P < 0.01. In contrast, in TR␣1 −/− ␤ −/− mice, TSH which was already at 20,259 ± 1450 ng/ml, changed insignificantly to 24,432 ± 1752 ng/ml (P > 0.05). This indicated that in the absence of T3 receptors, TSH production was already maximal in TR␣1 −/− ␤ −/− mice, thus precluding its further elevation. TR␣1 −/− ␤ −/− mice survived MMI-induced hypothyroid conditions indicating that thyroid hormones are not essential for their viability. Furthermore, a significant 7.8% loss of weight was observed in adult male wildtype mice during 3 weeks of MMI treatment with mean weights ± S.D. decreasing from 35.9 ± 2.5 to 33.1 ± 1.9 grams after 3 weeks (P < 0.001). In contrast, significant weight loss was not observed in the already smaller TR␣1 −/− ␤ −/− mice (starting and ending weights during 3 weeks of MMI treatment: 22.9 ± 1.4 to 22.0 ± 1.3 grams, respectively; P > 0.05). These results suggest that TR␣1 −/− ␤ −/− mice are largely impervious to the actions of thyroid hormone, regardless of hormone levels, suggesting that TR␣1 and TR␤ together provide the principal means for nuclear T3 responses. In conclusion, neither the existing great excess of thyroid hormones nor MMI-induced hypothyroidism produced any significant responses, indi- −/− ␤ −/− mice. (A) Serum TSH levels were 60-fold elevated (left) in 5-month-old adult male mice, and the pituitary glands contained increased levels of TSH␣ and TSH␤ subunit mRNAs (right). As a control for the amount and integrity of RNA loaded, the same Northern blot was hybridized with a probe for G3PDH, as shown in the TSH␣ lanes. (B,C) Immunostaining showed increased numbers of TSH␣-positive cells (1.9-fold; B) and TSH␤-positive cells (2.8-fold; C) in the anterior lobe of the pituitary gland. Cell counts were determined for n = 2 wild-type and n = 3 TR␣1 −/− ␤ −/− female mice at 5 weeks of age. (D) Resistance of TSH levels to change under MMI-induced hypothyroid conditions. Serum TSH levels were sequentially determined in groups of n = 4 wild-type or TR␣1 −/− ␤ −/− male mice (4 weeks old) provided with normal diet (ND), low iodine diet with MMI/perchlorate in drinking water for 4 weeks (MMI), and finally under MMI with the addition of 5.0 µg/ml L-T3 in the drinking water for 8 days (MMI+T3). MMI resulted in hypothyroidism (T4 < 0.4 µg/dl) in both groups. MMI+T3 resulted in serum total T3 levels of 9440 ± 2110 and 14,937 ± 1,347 ng/dl, respectively in wild-type and TR␣1 −/− ␤ −/− mice (116-and 5.5-fold elevated above the respective levels under normal diet). One wild-type mouse died under MMI+T3 conditions. TSH detection limit, 25 ng/ml.
cating an absence of detectable T3 receptor functions, whether T3-dependent or T3-independent, in TR␣1
Decreased body growth and deficiency of growth-promoting hormones
Both male and female TR␣1 −/− ␤ −/− mice were smaller than wild-type mice at all ages examined. Newborn TR␣1 −/− ␤ −/− pups weighed 11% less than wild-type pups (mean ± S.D.: TR␣1 −/− ␤ −/− , 1.35 ± 0.05 gram, n = 10; wildtype, 1.52 ± 0.12 gram, n = 9; P < 0.001).
pups also displayed a retarded growth spurt during the first 3 postnatal weeks (Fig. 4A) . By weaning, these mice were distinctly smaller (P < 0.001) than TR␣1 
␤
−/− and wild-type groups at 15-18 weeks of age: 20.2 ± 3.7 vs. 27.9 ± 1.7 grams; n = 40 and 12, respectively; P < 0.0001).
It is known that thyroid hormone can regulate growth indirectly by stimulation of growth hormone (GH) and that the growth-promoting actions of GH occur in part by stimulation of insulin-like growth factor-I (IGF-I) synthesis (Ohlsson et al. 1998) . Therefore, levels of GH and IGF-1 were determined. Figure 4B shows that serum levels of IGF-I were reduced significantly by 21% (P = 0.013) in TR␣1 −/− ␤ −/− mice. In the pituitary, the content of GH protein was 2.7-fold lower (P < 0.01) and levels of GH mRNA were 5-fold lower in TR␣1 −/− ␤ −/− than in wildtype mice (Fig. 4B,C) . In contrast, GH mRNA levels were not altered significantly in TR␣1 −/− or TR␤ −/− mice (Fig. 4C) . Immunostaining of anterior pituitary sections revealed a 4.5-fold decrease in numbers of GHpositive cells compared to wild-type mice (9.0 ± 0.4 and 41.0 ± 2.5, respectively; mean percent ± S.E.M. of positively staining cells per total cells; P < 0.001) (Fig. 4D) . Similar reductions in GH levels and GH-positive cell numbers occurred in both male and female TR␣1 −/− ␤ −/− mice. These results implicate GH deficiency as a proximal cause of retarded growth in TR␣1
Retardation of bone development and mineralization
The growth-retardation reflected a pronounced decrease in bone lengths. For newborn TR␣1 −/− ␤ −/− mice this is illustrated by the significantly decreased lengths of femur, tibia, and the sixth lumbar vertebra (L 6 ) as shown in Table 1 . Decreased bone lengths persisted into adulthood, as shown by representative measurements of femur, tibia, and L 6 . Adult TR␣1 −/− ␤ −/− mice at ∼20 weeks of age showed a disproportional growth retardation of long bones with the most marked retardation in the femur. Histological examination revealed disorganized growth plates and a delayed ossification of the epiphysis (Fig. 5) . In the epiphysis of 5-week-old TR␣1 −/− ␤ −/− mice, the cartilage area was increased, whereas the bone area was decreased compared to wild-type mice (cartilage areas for TR␣1 −/− ␤ −/− vs. wild-type, 61.0 ± 9.8% vs. 12.0 ± 5.0%, respectively; bone areas, 19.0 ± 4.4 vs. 38.0 ± 0.5%, respectively; n = 3 per group). Adult TR␣1 −/− ␤ −/− mice also had several large areas of cartilage in the epiphysis, whereas no cartilage was found in the epiphysis of adult wild-type mice (Fig. 5B) . These defects resembled those caused by hypothyroidism, although in contrast to hypothyroidism, in which the width of the proximal growth plate in the tibia is decreased (Lewinson et al. 1989) , this dimension was increased in TR␣1 −/− ␤ −/− mice. The reason for the disorganization in the growth plates in TR␣1 −/− ␤ −/− mice is presently being investigated in further detail. In 5-week-old wild-type and TR␣1
−/− ␤ −/− mice, the width of the tibial growth plate was 258 ± 8 and 348 ± 20 µm, respectively, and in adult mice, it was 111 ± 7 and 141 ± 5 µm, respectively. Dual x-ray absorptiometry (DXA) measurements of adult TR␣1 −/− ␤ −/− mice revealed significant decreases in bone area and in bone mineral content (BMC), as illustrated by measurements on femur, tibia, and vertebra L 6 shown in Table 2 . Bone mineral density was not significantly different, suggesting that the decreased bone mineral content was caused by a decrease in dimensions and not by a decrease in bone mineral density as measured by DXA. Mid-diaphyseal pQCT scans of femora showed that the cortical material density was decreased significantly by 4.2% in adult TR␣1 −/− ␤ −/− compared to wildtype mice (Table 3 ). The mid-diaphyseal cortical area of femora was decreased significantly and this decrease was due to a decrease of the periosteal circumference. This resulted in a 27.1% decrease in the cross-sectional moment of inertia. Metaphyseal pQCT scans demonstrated that the trabecular bone mineral density was not changed in adult TR␣1 −/− ␤ −/− mice (TR␣1 −/− ␤ −/− , 237 ± 6.0 mg/cm 3 ; wild-type, 230 ± 6.3 mg/cm 3 , n = 6). In conclusion, the bone abnormalities in TR␣1 −/− ␤ −/− mice included decreased longitudinal bone growth associated with disorganized growth plates and impaired ossification and mineralization. Most of these defects resemble those occurring in congenital hypothyroidism, suggesting a high degree of concordance between the combined roles of TR␣1 and TR␤ and that of T3 in bone development.
Discussion
Diversity in T3 receptor pathways
The identification of TR␣1 and TR␤, but not other T3 receptor types, across vertebrate species suggests that both receptors are necessary and sufficient for mediating the many actions of T3. Studies of TR␣1 −/− and TR␤ −/− mice, however, revealed only limited roles that could be ascribed individually to TR␣1 or TR␤: TR␣1 is important for setting basal body temperature and heart rate Wikströ m et al. 1998) , whereas TR␤ has a role in pituitary function and hearing (Forrest et al. 1996a ; Rü sch et al. 1998). Even in sum, these phe-notypes account for a only small proportion of T3 functions. The present study demonstrates that mice lacking both, rather than only one, of the T3 receptors, exhibit a novel array of phenotypes, including poor female fertility, hyperactivity of the pituitary-thyroid axis, and retardation of growth and bone development. These findings establish the existence of physiological pathways in which TR␣1 and TR␤ cooperate with, or substitute for, each other and indicate that such pathways facilitate an extended spectrum of T3 actions beyond those governed by TR␣1 or TR␤ alone. The absence of a detectable T3 binding capacity or of TR proteins that could bind T3 response elements in nuclear extracts from TR␣1 Fig. 3 . (E) Groups of adult male mice were pretreated on low iodine diet for 3 weeks and were then supplemented with MMI/perchlorate (LID/MMI) in the drinking water for 3 weeks, starting at 0 weeks. Over 3 weeks, weight decreased significantly in wild-type but not TR␣1 −/− ␤ −/− mice. (*) P < 0.01 vs. weight at time 0 weeks. MMI treatment resulted in free T3 levels Յ 2.6 pM and free T4 Յ 3.5 pM in both groups (normal wild-type levels are 6-9 pM for FT3 and 12-16 pM for FT4).
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Cold Spring Harbor Laboratory Press on October 16, 2017 -Published by genesdev.cshlp.org Downloaded from the view that TR␣1 and TR␤ represent the full complement of nuclear T3 receptors. Functionally, if unidentified T3 receptors remained, TR␣1 −/− ␤ −/− mice would be expected to exhibit thyrotoxic symptoms, such as hyperactivity, tachycardia, and hypermetabolism due to their great excess of thyroid hormones. On the contrary, TR␣1 −/− ␤ −/− mice have normal activity levels, their heart rate is not excessive (Johansson et al. 1999) , and liver and kidney T3 responses are defective rather than excessive (L. Amma, A. Campos Barros, Z. Wang, B. Vennströ m, and D. Forrest, unpubl.) . Furthermore, TSH levels and weight did not change significantly following MMI-induced changes in thyroid hormone levels. In sum, this evidence argues against the existence of other hypothetical receptors and suggests that TR␣1 −/− ␤ −/− mice are devoid of nuclear T3 receptors.
The existence of different pathways that depend on either one or both receptors may provide a means of specifying distinct cellular responses to T3. Two underlying mechanisms may be considered. First, the structural differences in the DNA-binding domains or amino termini of TR␣1 and TR␤ may confer distinct properties in the recognition or regulation of subsets of target genes, consistent with in vitro findings that the transactivation properties of TR␣1 and TR␤ are closely, although not entirely, related (Sjö berg and Vennströ m 1995; Zhu et al. 1997 ). The differences, however, would be sufficiently permissive to allow regulation of overlapping gene networks that underlie those functions common to both TR␣1 and TR␤. Alternatively, if TR␣1 and TR␤ are fully interchangeable, a given T3 response may depend merely on attainment of a 'critical mass' of T3 receptors, whether of the TR␣1 or TR␤ type. In this case, two TR genes, rather than one, may facilitate fine tuning in the control of expression of receptor levels. Further studies are warranted to explore these models. Similar findings of individual and common roles have been made for the retinoid receptor family , suggesting a possible common operational code for deter- mining diversity in the functions of multimember families of nuclear receptors.
Common functions for TR␣1 and TR␤
This study clearly indicates common roles for TR␣1 and TR␤ in the control of the pituitary-thyroid axis and growth. The dysfunction of the pituitary-thyroid axis is markedly worse in TR␣1
or TR␣1 −/− mice: TR␣1 −/− ␤ −/− mice greatly overproduce thyroid hormones, whereas TSH is not suppressed but is itself up to 160-fold increased, indicating a profound pituitary resistance to T3. In contrast, TR␤ −/− mice have comparatively minor pituitary resistance with only 2.5-fold increased thyroid hormone and TSH levels (Forrest et al. 1996a; Campos-Barros et al. 1998) , and there are only mild abnormalities in TR␣1 −/− mice, restricted to males, which have <30% decreases in free T4 and TSH (Wikströ m et al. 1998) . The masking of this major role for both receptors in the single receptor deletions may be explained if there is a high degree of functional overlap between TR␣1 and TR␤ in the feedback suppression of the pituitary-thyroid axis. Given the necessity of maintaining appropriate thyroid hormone levels in development and homeostasis, it is possible that a dynamic interplay between two distinct TR genes enhances the sensitivity of the pituitary-thyroid axis in response to fluctuating physiological conditions. TSH suppression is a complex process involving interactions between thyroid hormone and thyrotropin-releasing hormone, such that both direct and indirect defects may cause the overproduction of TSH in TR␣1 −/− ␤ −/− mice. However, the 26-and 3-fold increases in TSH␤ and TSH␣ mRNA levels, respectively, in TR␣1 −/− ␤ −/− mice show that a major defect resides in the transcriptional regulation of the TSH subunit genes. Thus, in accord with their coexpression in the anterior pituitary (Bradley et al. 1992) , both TR␣1 and TR␤ may have a role in the transcriptional repression of the TSH subunits (Shupnik et al. 1985; Wondisford et al. 1996) . Interestingly, the dramatic elevation of TSH in TR␣1 −/− ␤ −/− mice parallels that caused by hypothyroidism and indicates that any putative T3-independent activities of TR␤ and TR␣1 are not necessarily required to achieve high level TSH expression.
The growth retardation of TR␣1
−/− ␤ −/− mice from early postnatal stages resembles that arising in congenital hypothyroidism (Snyder 1996) . This retardation reflects defects in long bone development that include impaired maturation of the epiphyses and retarded elongation. The absence of overt growth deficiency in TR␣1 −/− or TR␤ −/− mice suggests that there is substantial overlap in the underlying TR␣1 and TR␤ pathways in the control of growth. As in hypothyroidism, the GH deficiency is likely to be a major cause of the growth retardation. The marked decrease in GH mRNA levels in the pituitary of TR␣1 −/− ␤ −/− but not TR␣1 −/− or TR␤ −/− mice suggests that, consistent with the presence of T3 response elements in the GH gene, both TR␣1 and TR␤ may regulate GH gene transcription.
In addition, there may be intrinsic functions for TRs in bone, as TR expression has been detected in growth plate chondrocytes (Williams et al. 1998) . Also, the formation of hypertrophic cells in the growth plate of thyroidectomized and hypophysectomized rats is stimulated by administration of thyroid hormones but not GH (Ray et al. 1954; Lewinson et al. 1989) , and the maturation of growth plate chondrocytes in vitro can be regulated by thyroid hormones (Carrascosa et al. 1992; Ohlsson et al. 1992) . Thus, our results support a model whereby TR␣1 and TR␤ interact at different levels in bone development, including in the direct responses to T3 in bone and cartilage tissue as well as an indirect role through the common regulation of GH expression.
The TR␣ mutation reported by Fraichard et al. (1997) , which deletes both TR␣1 and TR␣2, results in retarded bone development resembling that of TR␣1 −/− ␤ −/− mice. Unlike TR␣1 −/− ␤ −/− mice that overproduce thyroid hormones, however, the mice described by Fraichard et al. (1997) are hypothyroid. It is possible that the bone abnormalities in these mice reflect this hypothyroidism, whereas the defects in TR␣1 −/− ␤ −/− mice, despite their high T4 and T3 levels, are probably due to a 'functional hypothyroidism' caused by the absence of all nuclear T3 receptors.
Comparison of thyroid hormone vs. T3 receptor deficiency
T3 has profound roles throughout vertebrate development. Human congenital hypothyroidism is associated Xue-Yi et al. 1994) . It is remarkable therefore that TR␣1 −/− ␤ −/− mice that lack all known T3 receptors throughout life from conception thrive relatively well.
As may be predicted in the absence of T3 receptors, the phenotype of TR␣1 −/− ␤ −/− mice includes a number of the typical features of congenital hypothyroidism. These include poor female fertility, retardation of growth and bone development, TSH elevation, and deficiency of growth-promoting hormones. In contrast to hypothyroidism, however, fatigue and lethargy are not evident, as TR␣1 −/− ␤ −/− mice display normal locomotor activity levels that vary normally over complete circadian cycles (Johansson et al. 1999) . Comparison with genetically hypothyroid mice further suggests that the growth retardation of TR␣1 −/− ␤ −/− mice is less severe than that caused by hypothyroidism. Hypothyroidism in hyt, cog, and ␣GSU mutant mice results in body weights ∼50% below normal (Beamer et al. 1981 (Beamer et al. , 1987 Kendall et al. 1995) , contrasting with the ∼30% reduction in TR␣1
mice. Recent studies also indicate that thyroid hormone is required to sustain autonomous life after weaning, as profound hypothyroidism in Pax8-deficient mice, which lack thyroid follicular cells, retards growth and causes abrupt postweaning lethality (Mansouri et al. 1998) . In contrast, apart from the minority that die sporadically, TR␣1 −/− ␤ −/− mice have normal longevity, suggesting an absence of serious problems with most vital functions.
Thus, the comparatively mild overall phenotype of TR␣1 −/− ␤ −/− mice recapitulates the hypothyroid phenotype only partially, suggesting that receptor and hormone deficiencies have different consequences. One explanation may invoke the ability of TRs, in the absence of T3, to bind T3 response elements and repress transcription (Damm et al. 1989; Sap et al. 1989) . In hypothyroidism, T3 would not be available to alleviate the transcriptional repression exerted by TRs. Thus, chronic, deleterious repression of gene networks may lead to the more severe phenotype occurring in hypothyroidism than in TR␣1 −/− ␤ −/− mice. There has been considerable interest in the mechanism of T3-independent repression involving TR/corepressor interactions, as described in vitro (Chen and Evans 1995; Hö rlein et al. 1995) . The present study provides evidence that there may be physiological consequences for such T3-independent TR functions.
Materials and methods
Mouse strains
All animal experiments were performed under approved protocols at each institution. Mice were genotyped by Southern blot or PCR analysis using primers specific for the TR␣1 and TR␤ mutations, as described (Forrest et al. 1996b; Wikströ m et al. 1998) . TR␤ −/− mice (on a hybrid background of 129/Sv × C57BL/ 6J strains) and TR␣1 −/− mice (on a hybrid background of 129OlaHsd × BALB/c strains) were intercrossed to generate both wild-type and TR␣1 −/− ␤ −/− mice on the same mixed background for analysis. Mice were housed under l2-hr light/12-hr dark cycles in a controlled environment with 40%-50% relative humidity at 22°C. Because of their small size, TR␣1 −/− ␤ −/− pups were generally not weaned until they were ∼4 weeks of age. After weaning, TR␣1 −/− ␤ −/− pups were usually housed with their littermates. When TR␣1 −/− ␤ −/− mice were housed alone at 18°C, no increased mortality was evident, suggesting that these mice were not susceptible to hypothermia under these conditions. Mice were made hypothyroid by providing a low iodine diet (R584, AnalyCen Nordic AB, Lidkö ping, Sweden for mice in Stockholm; custom defined diet, ICN Biochemicals, Cleveland, OH for mice in New York; iodine content 0.05 mg/kg) and by inclusion of 0.05% methimazole and 1% potassium perchlorate in the drinking water (Solé et al. 1996) . For the weight determination experiment (Fig. 4E ), mice were provided with low iodine diet for 21 days prior to addition of MMI and perchlorate to the drinking water. Similar weight data were obtained in an additional experiment on groups of n = 4 male mice.
Nuclear T3 binding determinations
Nuclear extracts from liver and brain tissue were prepared as described (Vivanco Ruiz et al. 1991) . Extracts from untreated mice or mice that had been made hypothyroid (see above) were prepared from frozen tissue as described (Schreiber et al. 1989 ). Binding assays with 125 I-labeled T3 were performed as described (Torresani and DeGroot 1975) .
Gel-mobility shift assays
Nuclear protein extracts were prepared as described (Schreiber et al. 1989) . DNA probe sequences were as described: F 2 and DR4 (Ng et al. 1995) ; ␤-fibrinogen (Aguanno et al. 1996) . DNA probes were labeled, and gel-mobility shift assays were performed as described with slight modification (Ng et al. 1995) . Ten micrograms of nuclear protein was incubated with 2.5 µg of poly[d(I-C)] for 10 min at room temperature. Probe was added and the mixture incubated on ice for 15 min before electrophoresis at room temperature. Supershift assays were performed with a monoclonal antibody against a conserved domain of mouse RXR (4RX-1D12) that detects all three mouse RXR gene products (Rochette-Egly et al. 1994 ) and polyclonal antisera against full-length chick TR␤ (B01; M. Sjö berg and B. Vennströ m, pers. comm.) or TR␣ (Demczuk et al. 1993) . Each anti-TR antisera detected both TR␣ and TR␤ proteins. The specificity of the antibodies was further established, as none cross-reacted with endogenous proteins in tissue nuclear extracts that bound the ␤-fibrinogen probe.
Northern blot analyses
Polyadenylated mRNA was prepared from pituitary glands and Northern blots were hybridized with cDNA probes for mouse TSH␣, TSH␤ (a gift from J. Gurr, Temple University School of Medicine, Philadelphia, PA), GH (a gift from D. Linzer, Northwestern University, Evanston, IL), and G3PDH, as an independent control for equivalent loading and integrity of mRNA. Levels of expression of TSH and GH mRNAs were normalized to that of G3PDH mRNA. Quantification was performed using a Molecular Dynamics PhosphorImager.
Radioimmunoassays
Serum was obtained from mice after sacrifice or by anesthetizing mice with CO 2 and bleeding from the retro-orbital sinus. Free T4 and T3 were measured using the Amerlex-MAB kit, as described (Wikströ m et al. 1998) . Total T3, T4, and TSH were determined as described (Campos-Barros 1998). TSH was measured using a mouse TSH/LH reference preparation (AFP51718mp), a mouse TSH antiserum (AFP98991), and rat TSH antigen for radioiodination (NIDDK-rTSH-I-9). IGF-I levels in serum were determined after acid ethanol extraction according to the manufacturer's protocol (Nicols Institute Diagnostics, San Juan Capistrano, CA). GH radioimmunoassays used a purified mouse GH antigen for iodination (AFP-10783B), rat GH antiserum (NIDDK-anti-rGH-5) and a mouse GH reference preparation (AFP-10783B). GH tracer was iodinated with 125 I using lactoperoxidase/glucose oxidase and purified by Sephadex G-50 chromatography. GH tracer was stored at −80°C and was further purified by Sephadex G-100 chromatography immediately before use. Pituitary glands were homogenized in distilled water and centrifuged at 14,000 rpm for 7 min (Hervá s et al. 1975) . The supernatant was stored in aliquots at −80°C. For radioimmunoassay, soluble extract from single pituitaries was diluted ∼1:50,000 with 1% BSA in PBS. Pituitary extracts from GH-deficient dwarf mice (Jackson Laboratory no. JR0643) were used as an internal standard for the low range of detection of GH in this assay.
Histology and immunostaining
Pituitary and thyroid glands were embedded in paraffin and 5-µm-thick sections prepared for staining with hematoxylin and eosin or immunostaining, as described (Forrest et al. 1996a ). Mice were anesthetized with ketamine and perfused transcardially with 4% paraformaldehyde in PBS before preparation of pituitary sections for immunostaining using antibodies against TSH␣ (AFP-66P9986), TSH␤ (AFP-1274789), and GH (AFP-411S) at 1:8000 dilution, followed by visualization with Vectastain ABC Elite reagents. For any given hormone, quantification was performed by analysis of four to six independent sections at different levels throughout the pituitary gland of each mouse. Positively staining cells were counted and numbers were related to the total cell numbers, determined using phase contrast microscopy or hematoxylin and eosin staining, in the anterior pituitary lobe of the same mouse. Several immunostaining experiments were performed on different groups of male and female mice, which yielded similar results.
Skeletal preparation and bone histology
Newborn mice and embryos were immersed at 65°C for 1 min, fixed in ethanol for 3 days, kept in acetone for 3 days, then rinsed with water. Preparations were stained with alcian blue and counterstained for bone with alizarin red, as described (Zhang et al. 1995) . Right tibias were embedded in paraffin, sectioned, and stained with alcian blue/Van Gieson stain. Widths of the growth plates were measured using an imageprocessing system (Easy Image, Bergströ ms Instruments, Stockholm, Sweden) coupled to a microscope. The average of 30 growth plate measurements (three sections, 10 measurements per section) was calculated for each tibia. The same image system was used for determining the cartilage and bone areas in the epiphysis.
DXA
Bone mineral content (BMC) and areal bone mineral density (BMC/cm 2 ) were measured using the Norland pDEXA Sabre (Fort Atkinson, WI) with Sabre Research 3.6 software. Ex vivo measurements of the left femur and tibia and vertebrae L 6 were performed on excised bones placed on a 1-cm-thick Plexiglas table. All excised bones compared were measured simultaneously in the same scan. High-resolution scans were performed (line spacing; tibia and femur 0.02 cm; vertebrae 0.01 cm). In vivo measurements of animals were performed to measure total body BMC. Medium resolution scans were performed (line spacing 0.05 cm). A maximum of three mice could be analyzed simultaneously in the same scan. Therefore, a wild-type mouse was included as an internal standard in each scan to avoid interscan variations.
Peripheral quantitative computerized tomography
Tomographic measurements were performed by using the Stratec peripheral quantitative computerized tomography (pQCT XCT) Research M from Norland Corporation, specifically modified for use on small bone specimens (software v. 5.4B; resolution 70 µm). Mid-diaphyseal pQCT scans of the left femora were performed to determine cortical bone mineral density, cortical cross-sectional area, cortical thickness, periosteal circumference, endosteal circumference, moment of resistance, and the cross-sectional moment of inertia. The mid-diaphyseal region of femora in mice contains only cortical bone. Metaphyseal pQCT scans of the left femora were performed to measure trabecular bone density. The metaphyseal scan was positioned 4% of the total length of the femur proximal to the distal growth plate (an area consisting of a central portion of trabecular bone). The trabecular bone region was defined by setting an inner threshold to 400 mg/mm 3 . The interassay coefficients of variation for the pQCT measurements were <2%.
